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TUNABLE | NFRARED LASERS:
PREPARI NG FOR EXPANDED USE I N ENVI RONMVENTAL MONI TORI NG

Robert T. Menzies and Dennis K. Killinger

The literature on the use of tunable infrared |asers for
atmospheric trace gas detection and nmonitoring is about 25 years of
age. However, this field, with its nyriad of potential application
areas, has always been driven by the avail abl e lasert echnol ogy.
As new or inproved |laser devices becone available, with
characteristics which lend thensel ves to operation in conpact,
nearly autononous instruments, their application to atnospheric
science and environmental measurenents expands. We are now
witnessing a period in which tunable infrared |lasers are being used
in well-engineered instruments on the ground, on em’ ssion stacks,
in aircraft, balloon gondolas, and soon on | Earth-orbiting
spacecraft.  The major impact of tunable lasers in renote sensing
remains in the arena of sophisticated and expensive, one-of-a-kind
instruments devel oped by technical groups in governnents
| aboratories and universities. This will remain true in the near
future. However, the steady progression of roomtenperature
sem conductor diode |asers toward | onger wavelengths in the
infrared, and the burgeoning activity in OPO (Optical Paranetric




Oscillator) |aser technol ogy, prom se new tools for industrial

monitoring and control applications as well as anbient air quality

measur ement s.

Basi c Principles

Most gases and vapors have strong absorption bands in the
infrared, with resonant frequencies (wavel engths) which depend on
the vibrational characteristics of the bonds hol ding the atons
t oget her. (The notable exceptions are nitrogen and oxygen, which
are homonuclear diatomic NDl ecul es with'no dipole nmonments.) These
bonds undergo slight novements, in stretching or bending nodes, in
response to the electric field of |ight waves whose frequencies are
near their natural resonances. The stretching nodes of the light
atonms tend toward high characteristic frequencies ( short
wavel engt hs) and the bendi ng nodes, especially with heavier atons,
occurring at the |lower frequencies (longer infrared wavel engths).

The natural atnmosphere itself contains certain infrared-active
gases which absorb so strongly in regions of the infrared where
their resonant absorption bands exist that these spectral regions
are nearly opaque over path lengths of several nmeters to tens of
meters. Figure 1 is a spectrum of atnospheric transmssion for a
path length of nearly 2 km A spectrumsuch as this is instructive
In pointing out the atnospheric "window® regions, which are highly
desirabl e spectral regions for view ng the characteristic bands of

trace gases or vapors. Favorite w ndow regions for detection of
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trace gases are the 3.4 - 4.1 pm region and the 8 - 12 um region
If a simlar spectrum of the atnobsphere were taken through a
vertical path extending through the entire atnosphere, the presence
of the ozone absorption band in the 9.5 pm region would be nuch
more promnent, due to the stratospheric ozone.

Figure 1 is a low resolution spectrum which does not show any
detail within the nolecular absorption bands. Actually there is a
great deal of detail within the bands, because each vibration band
consists of a large nunber of lines, due to the nodul ati on of the
vi bration resonance by the rotations of the nolecule. The
mol ecul ar rotation causes periodic variation of the nagnitude of
the vibrating dipole moment with which the [ight wave can interact.
The result is a splitting of the vibration resonance into a nunber
of discrete vibration-rotation resonances. In the quantum
mechani cal picture there are many discrete quantum nmechanica
rotational energy levels for each vibration node. Wth the sinpler
mol ecul es consisting of two or three atons, an absorption band
appears as a conb spectrum as in Figure 2 where a carbon dioxide
band exists near the 2.05 pm wavelength. Wth Iargéf mol ecul es the
spectra appear to be quite conplex, as with the nitric acid (uNo,;)
vapor exanple pictured in Figure 3. The spectra which appear in
Figure 3 are taken with high resolution instrunents, a |large
| aboratory FTIR (Fourier Transform ir spectroneter) instrument, and
a tunabl e diode |aser spectroneter. (The wavenumber units which
spectroscopists prefer to use are directly related to frequency,
being the frequency divided by the speed of light. The inverse of
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t he wavenumber (cm*) woul d be equivalent to the wavelength in
vacuum in units of cm ) Spectroscopists are able to nmodel the line
frequencies and strengths of such a conplex spectrumas this wth
high accuracy using quantum mechanical calculations. Many of the
| arger nolecules (e.g., vapors of the hydrocarbons which normally
exist primarily as liquids) have such conplex spectra that the
vibration-rotation lines overlap and neld together at typical
pressures and tenperatures found in the | ower atnosphere. In these
cases, high resolution spectroscopy has no significant advantages
in sensitivity or discrimnation, and relatively gross features

simlar to the nitric acid band edge near 1326 em™ are used to

identify the particular gas or vapor.

Spectroscopic techniques are ‘not the only nethod for
identification and measurenent of gases and vapors in the air, but
they have steadily increased in popularity over the past two
decades. wet chem stry and sophisticated gas chromatographic
t echni ques woul d be considered the essential tools of analysis of
air sanples, due to the long history of technology and calibration
met hodol ogy using these techniques, along with high specificity.
For exanpl e, chromatographic techni ques are unsurpassed in ability
to separate and identify a wide variety of hydrocarbons. However
these techniques require collecting and carefully handling sanples.
In many cases this is inpractical or undesirable. Open pat h
spectroscopi c techniques can be used for renpte sensing, for
obtaining spatially averaged neasurements, and for real tine

anal ysi s. FTIR (Fourier Transform Infrared), gas correlation
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‘ spectroneters (which use absorption bands in the infrared) , and uv
absorption spectroneters are the nost utilized technol ogies for
both gl obal scale atnospheric monitoring and |ocal environmenta
moni toring. (The wspectroscopic detection relies on accessing
absorption bands due to electronic transitions to upper energy
levels, in contrast to the IR nol ecul ar vibration bands. The
severe atnospheric absorption dune to ozone and oxygen limts access
in long path nmeasurements to bands which exist in the "near-uv,
I.e., near the blue wavel engths of the visible spectrum) The FTIR
and wspectroneter instruments have gained popularity in recent
years largely due to their ability to identify and quantify several
constituents sinultaneously.

The attraction of a |aser source in the infrared for
measurenents of atnospheric gases is the |arge spectral radiance
whi ch can be obtained when conpared with thermal or gas discharge

sources of radiation. The detector/anplifier noise, conmbined with
t he absorption losses in the path between the source and the

detector, often result in the desire for nore available power from
t he source. The spectral w dths of typical vibration-rotation
absorption lines of gases or vapors near one atnosphere total

pressure are near 0.1 em?, or 3 GHz in frequency units. In the
case of high resolution spectroscopic identification and
measurenment, when it is desired to resolve individual lines of a
gas or vapor, the relevant question is how much usable power from
the radiation source is available wthin this kind of spectral

width. This is really a very small spectral w dth, approxinately
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5 x 10°um at a wavel ength of s-pm. A correspondingly small
fraction of the power emtted froma broadband radiation source is
avai | able in such a small spectral interval. Conparing |aser
sources with the sun, we know that the sun, which is well described
as a blackbody Source at a tenperature between 5000 X and 6000 K,
can provide roughly 10* watts of power per GHz in a diffraction
limted spot or inmage at the detector of a spectral neasurenent
instrument, in the wavelength region between 3-12 pm. Thus even a
| ow power sem conductor laser with e.g., 100 pw available in a
single moge (single frequency) , with spectral width nmuch less than
the gas absorption linewidth, beats the sun as a source by several
orders of magnitude. Cther thermal sources of IR radiation (e.g.,
globars or incandescent filaments) suffer even nore in conparison.
The high degree of tenporal coherence (spectral purity) and
spatial coherence (near diffraction-limted output divergence) from
the |aser sources nake them useful in a nunber of configurations.
They can obviously be used in doubl e-ended | ong path absorption
spectroscopy measurenents. They can be used successfully innulti-
pass optical absorption cell arrangenments, for real-tinme in-situ
measur ement s. Small cw |asers can also be used as |ocal
oscillators in infrared heterodyne spectrometers, which are passive
sensors (i.e. , not enmitting laser radiation) used to detect trace
gases. For these applications, a power |evel of the order of a
mlliwatt froma single node laser is sufficient. Pul sed | aser
sources, normally with noderate to high output power, can be used

as lidar transmtters. (LIDAR i s actually an acronym for Light
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Detection and Ranging, similar to that for radar, which involves
the use of a |laser beam and usually range-gated detection
electronics to probe the atnmosphere.) Lidars are useful for truly
| ong-range measurenments, extending to ranges of kilometers or even
several tens of km

A sensitivity enhancing technique which can be used with
| asers which continuously tune over a spectral range equivalent to
at |east several gas absorption linewdths is frequency nodul ation,
conbined with either harnonic detection or sideband detection.
These techniques are capable of mtigating the effects of such
nui sances as |large DC offsets and baseline slopes when neasuring
very smal |l absorptances. The frequency nmodul ation of tunable diode
| asers is conmonly done by applying a small sinusoidal dither to a
current ranp scan. The optinumsensitivity is obtained when the FM
anplitude is approxinately equal to the half-width of the gas
absorption line onthe frequency scale. Using these techniques,
absorptances as small as one part in 10'can be peasured with
reasonably high accuracy.

The great advantage of |asers in spectroscopiC remote Sensing
with their very high spectral radiance is offset to some extent by
their relatively nodest tuning ranges. For spectral survey
applications, where a very w de spectral region is nonitored in
order to detect a large nunber of gases in one spectrum a |aser
spectronmeter cannot conpete with an rrIr instrument in efficiency.
Laser-based instrunents are nuch better suited to applications for
which one or nore relatively narrow spectral regions are selected
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for probing the volume of interest.

New | aser technologies offer significant inprovements in
tuning capability, especially in the near infrared, with |evels of
reliability which represent significant progress . In the
followi ng sections we discuss several of the relatively new | aser
sources which are attractive for atnmospheric sensing and

envi ronmental nonitoring.

Laser Surces

The devel opnent of new | aser sources for atnospheric science
and environnental monitoring is driven by the desire for use of
efficient and convenient diode-laser punping, eye safety
consi derati ons, and, as stated above, extended wavelength
tunability.

Consi derabl e progress has been made in Titani umdoped sapphire
| asers (Ti:Sapphire) which can | ase over a wide region of the near
infrared, from 700 nmto 900 nm  These |asers can be optically
punped using frequency-doubl ed Neodymium-doped YAG (Nd:YAG) | asers,
which in turn are punped by conpact arrays of diode |asers. These
are the very mature conpound sem conductor (galliumalum num
arseni de) diode lasers wth output wavel ength near 800 nm, very
simlar to the mass-produced diode lasers’ found in CD players. The
Nd:vaG | aser is mature and reliable, the garnet crystal being

mechanically very strong, with a heritage of w despread mlitary
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applications. Thi s wavel ength region is useful for atnospheric
wat er vapor neasurenents, Wwhich is the major objective of a new
airborne instrunent devel oped by NASA, and described in the next

secion. The Ti:Sapphire |aser can be operated either in pulsed or
cw npdes. It is intrinsically a mediumto high power |aser, useful

for long path measurenents and single-ended measurenments in which
the signal is provided by backscattering from a topographic surface
or fromthe atnospheric aerosol particles.

The tunabl e sem conductor diode | aser itself has benefitted
from several advancements in recent years, which should result in
this |aser technol ogy becom ng much nore popul ar for environnent al
monitoring. \Wen chemcally conposed of a variety of m xtures of
el ements, the sem conductor diode |asers can be made to lase in
nearly any region of the infrared, out to 15 pm The exact
chemcal mx of elements dictates the energy bandgap of the active
region and thus the operating wavel ength of an individual diode
| aser, and the tunability is acconplished by varying the bulk
temperature or the injection current passing through the active
junction of the laser in a controlled fashion. Diode |asers have
been used in high-tech environnental monitoring applications for
two decades. The |ead-salt diode |asers, which have been the only
choi ce available until recently in the 2-15 pm region, are now
available with mw | evel single-frequency output power, each device
tunabl e over several wavenumbers, with operating tenperatures in
the liquid nitrogen range.

An exciting recent developnent is the success in denonstrating
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room tenperature diode |aser operation at |onger wavelengths in the
IR, using the Ill-V conpound sem conductor materials and techniques
for which a great deal of sophisticated device research is
supported by the fiber communications industry. The use of quantum
wel | structures provides narrower spectral output and larger
tunability. Tunable diode |asers out to 2 pm wavel ength have been
denmonstrated using antinoni de-based structures (casb substrates)

and al so vy using strained-layer mxtures of IncaAs and InGaAsp ON
InP substrates. Qutput powers at the |-watt |evel have recently
been denonstrated near 2 pym. There is considerable interest in
pushing the operating wavel engths beyond 2 gm, and t he antimonide-
based structures have the potential of 1asing at wavel engths as
|l ong as 5 pm. Although the fundamental absorption bands of nost
mol ecul es of interest in environmental nmonitoring exist at
wavel engths | onger than 2 pm, many have weaker overtone bands at
wavel engths near or shorter than 2 ym. In some cases, these bands
are still strong enough for detection and nonitoring of certain
gases.

Anot her new | aser source is the Optical Paranetric Oscillator
(oro), or variations thereof. The heart of an OPO is a nonlinear
crystal inside its own resonant cavity, which is punped by an
external laser. There is no population inversion in the crystal
it can generate coherent radiation through a nonlinear optical
process which converts a beam of punp photons into two other beans
of photons of |ower monmenta (longer wavel engths), called the signal

and idler beams. Conservation of both energy and momentumin this
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A\ process dictate that only a certain conbination of signal and idler
wavel engths can be generated for a given crystal orientation and
tenperature. \Wavelength tuning of either can be acconplished by
either tuning the punp wavel ength, or by careful mechani cal
rotation of the crystal, orby changing the crystal tenperature.
These devices can, wth the right conbination of |aser punp
wavel engths and nonlinear crystals, be nade to operate at longer IR
wavel engths than are available using the room tenperature diode
lasers.  The potential of oro's for environnental monitoring was
recogni zed in the early 1970's, but their actual use in field
applications was extrenely |imted. | nadequat e control of the
out put wavel ength, the rather large spectral width of the output,
and general reliability issues stifled interest. The recent
renai ssance in opo's has been driven by the devel opnents of single-
frequency optical punps (notably the diode-punped solid-state
| asers), and new nonlinear optical materials, such as silver-
gallium~selenide (AgGaSe,), Whi ch have opened up new wavel ength
ranges for atnospheric sensing. At present, several research
groups have devel oped opo's that operate in portions of the 3 pm to
5 pm range, and have nmoderate linew dths on the order of 0.1 cm?.
These opo's are punped by either Erbium-doped Or Holmium-doped
solid-state lasers, which emt near 2.8~pm and 2.0 pm,

respectively.

Applications Areas
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Atmospvheric Science and G obal Environnental Concerns

Several i nstrunents using tunable |asers have been devel oped
and fielded for neasurements of atnospheric chem cal constituents
whi ch play inportant rolesin the chemstry of the |ower atnosphere
(troposphere), and mddl e atnosphere (stratosphere andnesosphere)
These can generally be characterized as one-of-a-kind research
instruments, devel oped |argely by groups working at governnent
| aboratories or universities in the United States, Canada, Japan
and several European countries. A notable technique in this realm
Is the use of tunable laser transmtters in lidars. Tynabl e
transmtters are often used in what IS called DIfferential-
Absorption Lidar (DIAL) systems, which tune on and off of
absorption lines of gases of interest and depend on backscatter
from the atnospheric nol ecul es (Rayleigh scattering, mainly by
nitrogen nolecules) or the atnospheric aerosol particles to provide

the return signals. Ratios of the logarithnms of the signal returns
vs. time, at the resonance and off-resonance wavel engths, result in

profiles of the concentration of the gas or vapor along the Iine of
si ght. One of the nost dranmatic uses of a DI AL system is the
ai rborne instrument enployed by -a group fromthe NASA Langl ey
Research Center for studies of the ozone hole in the atnosphere

above Antarctica and simlar studies of the Arctic stratosphere

(Browell, et al. ) .  Qther ground-based DI AL systens are being used
in various locations, mainly in the Northern Hem sphere at mid-

latitudes, to nonitor the stratospheric ozone |evels over |ong

periods of tinme, to discern trends. Although these use near w
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wavel engths, they are exanples of techniques which can be applied
to other atnospheric studies using tunable IR lasers as they are
devel oped.

Two exanpl es of recently devel oped instrunents using tunable
IR lasers are worth special nention because they are essentially
aut onormous ai rborne instrunments. These instrunents, both devel oped
by NASA, represent results of considerable scientific and
engi neering experience which can be transferred to the genera
applications of lasers in the environnental nonitoring fields.
They have been engineered to fly on the NASA ER-2 high altitude
aircraft, which requires autonous operation except for periods when
the investigators can service their instrunents on the ground
between flights.

The Aircraft Laser Infrared Absorption Spectrometer (ALIAS) is
an instrunent devel oped to neasure several gases which are
inmportant in the stratospheric ozone chemstry, and it has been
flown on arctic mssions to study the mechani sns behind the ozone
hole formation (Webster, et al. 1993). Figure 4 is a photograph of
the instrument with the protruding sample inlet. It carries four
| ead-salt diode |asers and matching detectors in a single liquid
ni trogen dewar, with each diode |aser conposition adjusted to lase
In spectral regions corresponding to the bands of the nol ecul es of
interest. ALIAS is designed so that an anbient air flow inlet
passes air sanples through a nulti-pass, |-mlength absorption
cell. Wth the optics set up for 80 passes, some stratospheric
species can be detected with mxing ratio sensitivities of tens-of-
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parts-per-trillion. ALIAS is a product of several years of work by
JPL SCientists and engi neers developing diode laser Spectrometers
for  ground-based, bal | oon- bor ne, and aircraft neasurenent
applications. The incorporation of new diode |asers which do not
require cryogenic operating tenperatures wll take place as the
| aser technol ogy progresses.

The LI DAR Atnospheric Sensing Experiment (LASE) instrunent is
a DIAL system devel oped by a NASA Langley Research Center group,
empl oying a tunable Ti:Sapphire pul sed |aser transmtter, which is
punped With a Nd:YaGe laser. Figure 5 is a block diagramof the
maj or functional units of the instrument. LASE wi Il be flown
beginning the early 1994, with the principal scientific goal being
measur enent of water vapor profiles over wvarious |ocations of
interest. It wll also measure cloud distributions and el evated
aerosol layers which may be present. The water vapor distributions
are of course connected with cloud formation and dissipation, and
wat er vapor itself plays a very inportant role as a greenhouse gas
In the atnospheric radiation budget and the gl obal warm ng
interactions. This DIAL application demands hi gh spctral purity
fromthe transmtter, and this is achieved by injection-seeding the
Ti : Sapphire cavity, using a tunable diode | aser operating in the
800- 820 nm regi on. LASE has the capability of probing severa
wat er vapor absorption lines of various line-strengths in order to
cover the wide dynam c range of concentrations found in the

at nosphere.
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Local Environmental Mbnitoring and Industrial Control

The use of tunable 1r |aser technology for neasurenents of
pol | utant gases affecting anbient air quality and gases associ ated
wth industrial process control are Vviewed as emerging
applications. In order to make significant advances in these
areas, the devel opment of user-friendly |aser sources in the
at nospheric window regions is inportant. The 3.3-3.5 pym region is
rich with potential because of the existence there of the strong
hydrocarbon C-H stretch band. The 8-12 um wi ndow region, often
called the "fingerprint® region for the existence of a variety of
bands which reflect the structure of the various gaseous
hydrocarbons and organic vapors. Mjor inpacts will be made with
t he devel opnent of robust, efficient opo's in both of these
spectral regions, and the devel opnent of conpact TDLs at
wavel engths as long as 4 pm, which can operate at anbient
tenperatures, or possibly with small thermoelectric coolers.

As an exanple of such an application, Figure 6 depicts a
schematic of a tunable diode |aser sensor near 1.65 pm wavel ength
(devel oped by Sout hwest Sciences, Inc., Santa Fe, NM that is used
to detect the nethane em ssions fromlandfills. This sensor is
used in conjunction wth -other sensors providing |ocal
met eorol ogi cal data to determne nethane fluxes fromthe landfill

ar eas.
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Concl usi ons

The use of tunable infrared lasers in environnental nonitoring
is currently benefiting fromthe coupled devel opments of robust
| aser sources WwWth the required spectral properties and
sophi sticated instruments both for ground and airborne useto
address atnospheric science questions and glebal environnment al
concerns. The devel opnent particularly of conpact airborne |aser
sensing instrunments capable of autononous operation reflects
engi neering progress which can be utilized in other applications.
To date 1idar or other types of |aser renote sensing technol ogi es
have found limted use in the areas of |ocal pollutant measurenent
or industrial process control, primarily due to (1) the relatively
hi gh cost of the optical/laser instruments, (2) lack of suitable
tunabl e |aser sources in the inportant IR spectral regions, and (3)
| ack of |owcost spectral database and conputational tools required
for analysis of background spectra relevant to instrument
calibration and mneasurenent. Item (1) depends on the narket
econom cs once the suitable technology has been denﬁnstrated in the
I nnovative research environment. Item (3) has been addressed with
new PC-|evel databases and software tools. Toaddress item(2) the
devel oping | aser technol ogy nmust include characteristics such as
conpactness, reliability, and mnimum need for consumabl es al ong
with the desired spectral characteristics. Recent devel opnents
indicate that the tools exist to neet these requirements during the

next decade.
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Recommended Readi ng

Twoexcellent texts on use of tunable |aser techniques for
at mospheric chem stry studies and environnmental nonitoring are:

R.M. Measures, editor, Laser Rémote Chemical Analys is, (J.
Wley, NY., 1988); and

E.D. Hinkley, editor, Laser Mnitoring of the atmosphere,
(Springer-Verlag, NY., 1976).

The latter text, although witten nore than 15 years ago, treats
the fundamentals of atnospheric transm ssion, lidar principles ,
TDL usage for detection of nolecular pollutants, and |aser
het erodyne detection for both passive and active gas detection.
The text edited by Measures provides val uabl e updated and expanded
material, wth additional applications based on technol ogy

devel opment s.

Several excellent review papers exist in the technical journals,

i ncluding the follow ng:

W Gant, R Kagann, and W McClenny, "Optical Renpte Measurenment
of Toxic cGases", J. Air and Waste Managenent Assoc. .42, 18-30
(1992) .
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p.F. Moulton, “Punmping with Diodes”, IEEE Circuits and Devices 3z,
36-40 (1991).

R.L. Byer, “Diode Laser-Punped Solid-State rasers", Sci ence 239,
742-747 (1988).

D.K. Killinger and N. Menyuk, "Laser Renpte Sensing ofthe

Atmosphere", Science 234, 37-42 (1987).

W.B. Grant and R.T. Menzies, "A Survey of Laser and Sel ected
Optical  Systems for Rembte Measurenent of Pollutant Gas
Concentrations® APCA Journal 33, 187-194 (1983).

Specific citations to recent papers on the ALIAS and LASE

instruments are:

c.R. Webster, et al., ‘'Chlorine Chenistry on Polar Stratospheric

Cloud Particles in the Arctic winter", Science 261, 1130-1134
(1993) | }

'W.R. Vaughan and E.v. Browell, “A Lidar Instrument to Measure H,0
and Aerosol Profiles fromthe NASA ER-2 Aircraft*', presented at the
Specialty Meeting on Airborne Radars and rigars, Toul ouse, France,
July 7-10, 1992. (The authors are at NASA Langl ey Research Center,
Hampton, Virginia, 23665-5225. )
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FI GURE CAPTI ONS

L. Broadband infrared spectrum of transmittance through the
at mosphere along a horizontal path of 2 km

2. Medi um resol ution spectrum of atnospheric transmttance near
2 pm, also for a 2 kmpath at sea |evel, showing the structure
of a co, band centered at 2.055-pm

3. Spectrum of nitric acid (uNo,) vapor in an absorption cell at
| ow pressure, near a band origin at 1326 em?, (a) taken with
a high resolution FTIR instrunent (0.005 em? resolution), and
(b) taken with a tunable diode |aser. A concurrent solid
etalon fringe record (c) verifies continuous diode |aser
tuning through the scan. (This spectrumis described in c.r.
\\ebster, Rr.p. May, and M.rR. Qunson, chem. Phys Lett., vol.
121, pp. 429-436, 1985.)

4, Qutline drawing of the Aircraft Laser IR Absorption
Spectrometer (ALIAS) instrunent, including the isokinetic
sanpl i ng probe and ot her major conponents.

5. Bl ock di agram of the Lidar Atnospheric Sensing Experinent
(rase) differential -absorption 1igar instrument, show ng the
functional elements needed for water vapor profiling.

6. Schematic diagram of a fast-response sensor using a near-IR
diode laser, to determ ne nethane emssions at a landfill.
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